Two-dimensional compensatory tracking of a low frequency random wave target was studied. Experiment 1 was simple tracking by componental one-dimensional movement of the stick either right-and-left (the X component) or back-and-forth (the Y component). Ten subjects served the experiment. The superiority of the performance in the X dimensional task over that in the Y dimensional one was found. The learning characteristics also differed. Experiment 2 was complex tracking by simultaneous two-dimensional movement of the stick. Seven subjects served the experiment. It was found that the two-dimensional tracking was specifiable by the combination of the properties of the X and Y components which were found in Experiment I. Validity of the componental analysis of two dimensional tracking was concluded.
A considerable amount of research efforts on the control system has been directed toward discovering and analysing the optimal control equipments (e.g., Burke & Gibbs, 1965; Hammerton & Tickner, 1966) . We should conduct this kind of analysis on the basis of the motor characteristics of a specific simple motion which is an essential component of the whole control responses. This standpoint will be much more important when a control task, such as a two dimensional tracking task, demands complex and continuous neuro-muscular coordinations of an operator. The two dimensional tracking behavior with a two dimensional joystick can be considered as an interaction of two simultaneous responses, i.e., lateral and back-and-forth responses (thus, X and Y components in tracking behavior). Therefore, the interpretation of two dimensional tracking behavior based on the properties of both X and Y components is important to better its understanding.
There have been only a few studies based on this component analysis. Briggs, Fitts, and Bahrick (1958) , using a two dimensional compensatory tracking task, investigated learning characteristics and transfer effects. They used as an index of performance level a combined mean square error measures for X and Y components, and did not conduct any analysis of dimensional components.
McLeod (1972) analysed the joystick movements of X and Y components in two dimensional pursuit tracking when the target was visible or obscured. Since he used different kinds of system inputs in X and Y dimensions, it was difficult to directly compare X with Y components of tracking behavior. Aoki, Akiba, Nakamura, Yamanoi, and Furukawa (1984) , employing a two dimensional pursuit tracking task with several sine wave targets, reported that the tracking performance of the X component was superior to that of Y, and that this superi-ority was evident for lower frequency targets. Because they used predictable sine wave targets and a pursuit display which informs a subject of target movement and his control movement, the manual control of single-loop system was not investigated.
Therefore, the present study was intended to provide additional information on learning characteristics and operator dynamics in two dimensional tracking behavior, by means of employing an unpredictable random wave target and a compensatory display which informs a subject of only tracking error. Before an examination of the characteristics of two dimensional tracking behavior, we investigated those of the limited one-dimensional tracking behavior with the purpose of experimenting X and Y dimensional control independently (Experiment 1). Especially, it was investigated whether the learning characteristics of tracking performance in X dimension would differ from those in Y dimension. In Experiment 2, we conducted dimensional analyses of two dimensional tracking behavior by separately analysing X and Y components, according to Aoki et al. (1984) .
Experiment 1 Purpose
The purpose of Experiment 1 is to compare X with Y dimensional tracking performance. In this experiment, the displacement in X dimension of the joystick involved mainly radial and ulnar deviations of the wrist, and that in Y dimension involved mainly dorsi and plantal flexions. Therefore, it was examined how this difference of effector activities for X and Y control responses would produce different tracking performance. Figure 1 shows the whole experimental system for a two dimensional compensatory tracking task. In Experiment 1, the subject's task was limited to only one-dimensional tracking task, in which the subject was instructed to keep either a horizontally moving spot or a vertically moving spot on the center of a cathode ray tube display. That is, in Fig.1 , one of the system inputs, ix(t) or iy(t), was zero. This compensation was accomplished by operating in only one direction (either lateral or back-and-forth) a two-dimensional frictionless joystick which could Block diagram of two dimensional compensatory tracking system. generate two voltages: its lateral displacement (the X component in tracking behavior) and back-and-forth displacement (the Y component) produced the horizontal and the vertical displacements of the spot on the display, respectively. The the center of the display, which coresponded to the maximum excursion of either the input ix(t) or iy(t). Each of the system inputs, ix(t) and iy(t), was produced by passing a M-sequence noise through a low-pass filter with the cut-off frequency of 0.64Hz.
The subjects were seven undergraduates and three graduate students (eight males, two females). They were split into two groups; each group contained five subjects. One group performed the X dimensional tracking task, and the other group did the Y dimensional one. Each subject performed nine trials. Trial duration was 60s with 60-s rest between trials.
As an index of tracking performance, the time integral of squared error divided by that of squared system input was computed. For example, the error score for Results and Discussion Figure 2 represents the error scores, averaged across all the subjects, in the X and the Y dimensional tracking tasks for each of the learning trials. A two factor analysis of variance was performed on these data. The main effect for X and Y dimensions was found to be significant (F(1,72)=18.79, p<.01).
That is, as shown in Fig.1 , the tracking in X dimension resulted in less control error than that in Y dimension. This superiority of the X dimensional tracking performance over the Y dimensional one suggests that the tracking with lateral motion of the hand would permit a higher level of performance than that with back-and-forth motion.
Although the main effect of learning trials was not significant (F(8,72)=1.99, .05<p<.10), the error scores for both the X and the Y dimensional tracking tasks indicated typical learning curves, i.e., the error scores decreased as the trials proceeded. A noticeable difference between X and Y learning characteristics is their rapidity in learning. While the X dimensional tacking required only two trials to attain the highest level of performance, the Y dimensional one required three. This phenomenon was also attributable to the effector properties involved in X or Y axis motions.
Experiment 2 Purpose
Experiment 1 revealed that the performance in X dimension was superior to that in Y for the limited one-dimensional tracking task, because of the differences of the effector characteristics involved in a given tracking response. In terms of these findings obtained in Experiment 1, Experiment 2 conducted dimensional analyses of two dimensional tracking behavior which is composed of both the X and the Y components. It was expected that the two dimensional tracking performance would reflect the properties of the fundamental component responses, as demonstrated in Experiment 1.
Method
The apparatus and procedures were the same as those employed in Experiment 1, with the exception that the subject's task was a two dimensional tracking task by operating in any direction a two-dimensional frictionless joystick.
The subjects were five undergraduates and two graduate students (five males, two females). Each subject performed nine trials. Trial duration was 60s with 60-s rest between trials.
Tracking performance was measured in rectangular coordinates.
That is, the time integral of squared error divided by that of squared system input, separately for the X axis and for the Y one was computed, as in Experiment 1.
The operator describing functions for each of X and Y axes on Trials 1, 5, and 9 were also computed. For example, the describing function for the X axis is given by (2) where Mx(jw) and Ex(jw) represent Fourier transforms of mx(t) and ex(t) in Fig.1 , respectively. Figure 3 represents the results of the error scores in X and Y axes on each trial. First, the difference in X and Y axes is concerned with the rapidity in learning. On Trials 1 and 2, there were no significant differences between the two axes (t=.43, df=6, p>.05; t=.76, df=6, p>.05, onetailed, respectively). As learning proceeded, the performance levels in the X axis improved more rapidly than those in Y. This resulted in the significant differences between the two axes on Trials 3, 4, and 5 (t=4.15, df=6, p<.01; t=2.35, df=6, tively). Thus, the X component in tracking behavior requires less trials to attain a given proficiency level than the Y component. These differences of learning characteristics between X and Y components of two dimensional tracking behavior do reflect those in one dimensional tracking as indicated in Experiment 1. Secondly, it should be noticed that the terminal performance level of both X and Y components was similar to that of the Y dimensional tracking as shown in Fig.1 . This means that there is obviously a limit to the performance level of the X component in the two dimensional tracking, because of mutual dependency of X and Y components.
Results and Discussion
A typical example of the describing function data is shown as Bode diagram in Fig.4 . Bode diagram represents both the amplitude ratio (in terms of dB unit) and the phase relationship between input and output for each frequency. On Trial 1, the dynamic characteristics for X and Y axes are similar, although both show low gain values and great phase lag. On Trial 5 which is the middle stage of the learning process, the gain values are greater in X than in Y, and the phase lag is less in X than in Y. These differences in X and Y are striking in the low frequency area. This agrees with the error score results reported by Aoki et al. (1984) . On Trial 9 which may be the terminal stage of learning, both X and Y dynamics of the control movement of the subject become similar in both gain and phase values as on Trial 1, but both show higher performance level than on Trial 1. Thus, these describing function results confirm the findings resulted from tracking error scores described above.
General Discussion
Tracking performance has been found to be predetermined by some inherent motor limitations in addition to prediction in our mental or cognitive processes (Krendel & McRuer, 1960; Yamashita, 1984) .
For example, Yamashita and Sameshima (1985) investigated the frequency characteristics and the EMGs from biceps brachii and triceps brachii when subjects made isometric contractions during a pursuit tracking task. They demonstrated that the patterns of reciprocal innervation of the antagonists could explain the frequency characteristics of tracking behavior. This finding supports the importance of analyses of one-dimensional component motion in the whole two-dimensional skill system in the present study.
Experiment 1 in this study shows the superiority of the X dimensional tracking performance over the Y dimensional one because of the inherent motor characteristics involved in each control motion. Experiment 2 is concerned with the two dimensional tracking task in which the subject had to coordinate X and Y control motions, showing that the two dimensional tracking performance is determined by the properties of X and Y components.
These results are in close agreement with those reported by Aoki et al. (1984) using several sine wave targets in their pursuit experiment. The present study, however, provides additional information about learning characteristics and operator dy- 
